Vanadium-promoted tin(IV) oxide catalysts have been prepared by coprecipitation from aqueous solutions containing Sn(IV) and V(IV) ions using aqueous ammonia, and the materials thermally processed in air at temperatures up to 1273K. Characterisation of these materials was carried out using XRF, FTIR, XRD and EXAFS. The catalyst material is shown to consist of small particulate SnC>2 and VO2 evenly distributed up to a calcination temperature of 773K. At higher temperatures the V(IV) is oxidised to V(V) to form phaseseparated V2O5. Some V(V) undergoes reduction at 873K to form a solid solution where V(IV) occupies metal sites in the tetragonal SnC>2 lattice. After calcination at 873-973K the vanadium exists as phase-separated V2O5 together with a small quantity of V(IV) occupying the Sn(IV) sites in the tetragonal Sn02 lattice. At 1073Κ the vanadium migrates out of the Sn(IV) sites and is oxidised to again form V2O5. The initial vanadium concentration is 9wt%, which remains constant up to temperatures of >1173K at which temperature most of the vanadium volatilises and 1.5wt% vanadium remains.
Introduction
Supported vanadium catalysts are used widely for several reactions. For example the activity of X^Oj/WCb-promoted titania is utilised industrially for selective catalytic reduction of NO reducing emissions from power plants and stationary sources Tin(IV) oxide has been known for some time to show activity towards NO reduction in particular when promoted using Cu(II), and data from our laboratory has show that Sn02 promoted with either Cr or Cu/Cr are very active NO reduction catalysts . Vanadium-promoted SnÜ2 has been shown to be an active catalyst towards many commercially important reactions, namely the conversions of toluene to benzaldehyde , methanol to formaldehyde and butene to maleic anhydride 3 . These materials are potential NO x reduction catalysts, which could, prove extremely useful as automotive emission control catalysts. Rhodium is the current catalyst of choice. However, rhodium is a rare and expensive metal and a suitable replacement would be both economically and environmentally important. There has been surprisingly few studies concerning the constitution of these materials reported in the chemical literature. One of the first was by Sachlter who proposed dissolution of up to 15 atom% V(IV) replacing Sn(IV) in the tetragonal SnÜ2 lattice. Anderson proposed both the formation of the solid solution phase V0.03Sn0.97O2 and an amorphous phase with a slightly weakened V=0 stretch compared to that of crystalline V2O5. More recently Trifiro concluded that for the solid solution V x Sn l . x 02 with values of x=0.02 the solid solution was stable at 973K, however for values of χ >0.02 VÜV) was expelled from the lattice and oxidised to form surface V2O5. Therefore, given the potential commercial importance of these materials and the presence of little characterisation data in the chemical literature, we report Fourier transform infrared, X-ray diffraction and extended X-ray absorption fine structure data of these catalyst materials. The V/Sn02 gels, prepared by coprecipitation, dried at 333K and thermal processed up to 1273K are investigated oy these techniques.
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Experimental Preparation of vanadium(IV)-promotea tin(IV) oxide by coprecipitation
Vanadyl oxalate solution was prepared by addition, with continuous stirring, of ammonium metavanadate (Aldrich, 8g) to a hot aqueous oxalic acid solution (Aldrich, 16g; 100ml) in the ratio 1:2 metavanadate to oxalate. In triply distilled water (500ml) tin(IV) chloride (Aldrich, 35ml; 75g) and the vanadyl oxalate solution were precipitated by dropwise addition of a concentrated ammonia solution (AnalaR, 33% w/w; ~ 100ml) to a final pH of 4. The gelatinous precipitate formed was washed free of chloride ions by repeatedly centrifuging and redispersing in triply distilled water. The absence of chloride ions was confirmed by a negative result from the silver nitrate test. The solid pale grey gel was allowed to air dry at 333K for 2-3 days and then ground into a fine pale grey powder. XRF data showed that the initial vanadium concentration was 9wt% V:Sn remaining constant until calcination above 1173K. Above this temperature vanadium volatilises and 1.5wt% V:Sn remains (Figure 1 ). Wavenumbers (cm-1) Physical and Spectroscopic Measurements XRF data was acquired using an ASOMA 300T XRF instrument. Scan times were typically 1 minute per sample.
Powder X-ray diffraction data was acquired using a Philips X-pert system fitted with a PW 1710 diffractometer control unit with a Cu Κα radiation source (λ = 1.5405 Ä). Data for both DICVOL91 9 and Rietveld 10 refinement were acquired between values of 10-80° 2Θ with 0.02° steps and 15s acquisition time per step. FTIR spectra were obtained using aNicolet Avatar 360 spectrometer operated using OMNIC 5.0 software.
EXAFS measurements were performed on station 8.1 at the Daresbury Laboratory, Warrington, UK, which operates at an energy up to 2 GeV, and a maximum beam current of 200 mA. The X-rays are vertically collimated producing a beam of less than 1 mrad divergence. A Si(200) double crystal monochromator was used 'to select a single wavelength of X-rays, the tuneable energy range which can be achieved using this monochromator is 5.5-10 KeV. 40-50% of the X-rays beam was rejected to filter out the undesirable harmonics while retaining 50-60% of the primary beam intensity. Data were collected at the V edge (5.464 KeV), in fluorescence mode utilising a Ge-13 channel solid
Main Group Metal Chemistry
state detector. The sample was positioned at ca 45 to the incident to maximise the solid angle seen by the detector. 6 scans were recorded for each sample over a total period of 4 hours. The scans were added together and any spikes due to noise removed to produce a single output data set using EXCALIB . Background, pre-edge and post-edge absorptions were removed using the EXBROOK program, so that the EXAFS could be isolated. The x-axis of the EXAFS was then change from energy to k space (k=2nM,) and their corresponding Fourier transforms were then generated and along with tne EXAFS transferred in to EXCURV92 
Theta/ Degrees
Theoretical EXAFS spectra and Fourier transforms were simulated using crystallographic data of the likely phase present in the sample and compared to those produced by the samples. The theoretical data is compared to that collected in the experiment by the R parameter which gives a good indication of the accuracy of fit. R values less than 50 are acceptable for this kind of sample. Values up to 60 have considerable merit so long as the radial distribution of both the theoretical ana experimental results are very similar. The estimated levels of accuracy in the refinements made by the EXCURV92 program arise from the imperfect transferability of phase shifts and the fitting procedures are: co-ordination number (50%), Debye-Waller factor (50%) and radii (0.02 Ä)
For a more detailed description of curved wave theory used in the EXCURV92 program the reader is directed to tne publication of Gurman and Lee .
Results and Discussion Mid FT-IR spectroscopy studies
The infrared spectrum of freshly prepared tin(IV) oxide gel' ' exhibits an intense broad hydroxyl stretching envelope from ca. 3700-2000 cm" , with a maximum centred at ca. 3420cm , and a distinct shoulder at ca. 2450cm" . The broad hydroxyl stretching envelope is attributed to the presence of a significant amount of surface molecular water, Vol. 22, No. 10, 1999 The
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with the corresponding molecular water deformation mode centred at ca. 1640cm" 1 . The bands comprising the broad feature in the region 1300-850cm" are associated with hydroxyl deformation modes of different types of hydrogen bonded and ( isolated surface hydroxyl groups. The remaining intense broad band centred at ca. 570cm" with a shoulder at ca. 658cm" is associated with the stretching modes of the surface Sn-O-Sn and Sn-0 vibrations. Upon calcination, the intensity of the broad envelope associated with physisorbed water (STOO-ZOOOcm" 1 ) decreases, along with the intensity of the corresponding molecular water deformation at 1640cm" 1 . The Sn-O-Sn vibration shifts to higher wavenumbers upon calcination at temperature >873K and sharpens, indicating the increase in strength of the bond due to elimination of surface hydroxyl groups. This is supported by the concurrent loss in intensity of the deformation peaks associated with surface hydroxyl groups in the range 1300-850cm"'. Figure 2 illustrates the spectra of V/S11O2 prior to calcination and after calcination to 873 and 1273K. In addition to the bands attributed to surface water and SnCh, the bands at 3155 and 1408cm" 1 are assigned to surface-adsorbed ammonium ions. These bands decrease in intensity as calcination temperature is increased, and surface adsorbed ammonium ions are shown to totally decomposed after calcination at 873K. The Sn-O-Sn stretch is shown to behave similar to unpromoted SnC>2, appearing as a broad intense peak in the sample dried at 333K, but by 873K has sharpened and exhibits a shoulder due to Sn-O, which is usually masked by the broad nature of the peak in the sample dried at 333K. After further calcination to 1273K the two separate bands due to Sn-0 and Sn-O-Sn are well resolved and appear as sharp bands. These bands shift to higher wavenumber as the tin-oxygen bonds became stronger due to the loss of surface water. The band at 958cm" 1 in the sample dried at 333K is assigned to the V=0 stretching mode of the VO2 phase 7 . This band shifts only slightly as calcination temperature is increased up to 573Κ as the same vanadium phase is present as shown by EXAFS. After calcination in excess of 573K the position of the V=0 band shifts to higher wavenumbers as the calcination temperature is increased (Table 1; Figure 3 ), moving progressively closer to that observed in V 2 0 5 (1020cm" 1 ) 7, 8 .
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X-ray powder diffraction studies
The X-ray diffractograms obtained for the V/SnCh material dried at 333K and after calcination at temperatures up to 773K consist of broad unresolved peaks. It is, therefore, concluded that these materials consist of small particulate tin(IV) oxide, characterisic of SnC>2 gel, as observed previously by us for other modified Sn02 gel materials 16 . No peaks due to any other phase are observed, and no vanadium-containing phase is detected. Figure 4 shows the XRD patterns of the samples calcined at 773, 973, 1073 and 1273K, and it can be seen that after calcination at higher temperatures the diffractograms exhibit progressively sharper peaks demonstrating a particle size increase with increasing calcination temperature. After calcination at 973K the diffractogram comprises wellresolved peaks due to the tetragonal Cassiterite phase of SnC>2
17
. Further, at this temperature peaks assignable to crystalline V2O5 18 emerge, which are also present in the diffractograms for higher calcination temperatures. The diffractogram at 1273K is indexed, in Table 2 , showing the position of both the V2O5 and SnC>2 peaks. No evidence for the VO2 phase can be gained from the XRD data as the VO2 phase is only present at low calcination temperatures when the tin(IV) oxide consists of small particles, presumably indicating that the VO2 is amorphous and dispersed uniformly over the Sn02 particulate.
The Scherrer equation has been utilised to calculate the average tin(IV) oxide particle size, the results being given in Table 1 and shown graphically in Figure 5 . These data show that the particles of SnCh remain very small (2.5-5nm) up to 873K, at which temperature sintering commences with very rapid particle growth thereafter. This process appears to be coincident with expulsion of vanadium from the SnC>2 lattice and phase separation of V2O5. Dicvol91 and Rietveld refinement were employed to investigate the possibility of solid solution formation, whereby the vanadium is incorporated into the tetragonal lattice of Sn02. Solid solution formation in the materials calcined at 973 and 1073K is indicated by reduction in the lattice parameters and overall cell volume of the V/SnC>2 material compared to crystalline SnC>2. The vanadium atom substitutes for a tin atom in the lattice, thus reducing both the lattice parameters and the overall cell volume, as a vanadium ion has a smaller ionic radius than a tin ion (ionic radii: V 4+ =63pm; Sn 4+ =71pm). Evidence for solid solution behaviour is lacking in samples that are calcined to lower temperature, as the diffractograms lack sufficient resolution. Samples calcined at temperatures in excess of 1073K do not exhibit solid solution behaviour since their lattice parameters and overall cell volumes closely match the values for both literature, and laboratory produced unpromoted SnC>2 23 . The cell volume and lattice parameter data comparing crystalline SnC>2 with V/Sn02 are shown graphically in Figure 6 . Extended X-ray absorption fine structure studies Data was collected from the catalyst material dried at 333K as well as after calcination at 573, 773, 873, 973 and 1073K. The pre-edge feature present in all these raw spectra is a result of an electron being excited from a core shell to an empty orbital e.g. a Is-»3d transition, and is characteristic of a non-centrosymmetric environment, as previously observed by us in tetrahedral Cr(VI) systems . This requires slightly less energy than the ejection of a core electron, and so the absorption occurs at a slightly lower energy than the Κ edge. Although the coordination geometry in both VO2 and V2O5 is octahedral, the deviation in both V-0 bond distances and O-V-O bond angles from ideality are significant and produce a non-centrosymmetric environment, hence the observation of the pre-edge feature. The EXAFS oscillations are isolated using the Daresbury computer programs and Fourier transforms generated. The local environment of the vanadium was compared to several theoretical models, and it was found that the samples up to 773K fitted very well to VO2 giving acceptable fits with low R values. After calcination at 773K oxidation of V(IV) to V(Vj occurs and phase-separated V2O5 forms. This phase is present up to 1073K (the highest temperature studied), and good fits with low R values are observed for the samples calcined at 773K and 1073K. The samples calcined at 873 and 973K also fit to V2O5" 1 , however the R values show that the fits are significantly worse than those of the catalysts calcined at 773 and 1073K. At these temperature vanadium is present in two distinct environments. Some of the vanadium undergoes reduction and is incorporated in the tetragonal SnC>2 lattice forming a solid solution. The stability of the vanadium in these sites is thought to provide the driving force for the reduction of V(V) to V(IV). The majority of the vanadium is unaffected and remains as phase separated V2O5. Hence, as vanadium is present in two distinct environments and EXAFS is an averaging technique both contribute to the EXAFS observed. Therefore, although we can conclude that the major phase is V2O5 the fit is relatively poor due to the influence of the other minor vanadium environment. The FTIR and XRD evidence corroborates these conclusions for the presence of V2O5 at these temperatures. The experimental data and the theoretical data are displayed in Tables 3-8 and the radial distribution plots are displayed in Figure 7 .
Conclusions
Vanadium-promoted S11O2 catalysts have been prepared by coprecipitation from a solution containing Sn(IV) and V(IV) ions, forming fine gel powder catalysts which contained 9wt% V:Sn. Data from Fourier transform infrared, X-ray diffraction and extended X-ray absorption fine structure showed that the material dried at 333K is present as uniform (TEM) 22 small particulate SnC>2 and VO2. Upon calcination at 573K little change in the structural morphology of the catalyst is observed apart from a colour change and a slight increase in SnC>2 particle size.
After further calcination to 773K the phase in which vanadium is present changes along with the colour of the catalyst, and the particle size of SnC>2 increases slightly. The vanadium is oxidised from V(IV) to V(V) and is present in the form of V2O5. This phase is shown to remain up to 1273K, but both EXAFS and XRD show that at 873K a solid solution is formed in which some of the vanadium is reduced due to its apparent stability in the tin sites of the tetragonal S11O2 lattice. The majority of the vanadium is unaffected and remains present as phase-separated V2O5.
After calcination at temperatures in excess of 1073K the vanadium is expelled from the tin sites and is reoxidised to form surface V2O5. During calcination in the temperature range 773K-1273K, dramatic sintering occurs as the Sn02 agglomerates and forms very large particles.
Catalytic properties of these materials towards NO x reduction are ascribed to the synergism between the SnC>2 and VO2 phases and the excellent redox properties of the SnC>2 surface. Data from our laboratory 23 shows that upon calcination to temperatures >773K, the lack of the VO2 phase, and the decrease in surface area available for catalysis reduces the catalytic activity of these materials considerably. Some of the reactions given as examples in the introduction are catalysed by the V2O5 phase, and are shown to be active only after these materials have been calcined in excess of 773K 3 · 4 ' 5 . In these instances the SnC>2 acts only as a support for the V2O5 catalyst.
